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Aims The morphology of unipolar single potentials (SPs) contains information on intra-atrial conduction disorders and
possibly the substrate underlying atrial fibrillation (AF). This study examined the impact of AF episodes on features




Intraoperative epicardial mapping (interelectrode distance 2 mm) of the right and left atrium (RA, LA), Bachmann’s
bundle (BB), and pulmonary vein area (PVA) was performed in 67 patients (27 male, 67 ± 11 years) with or without
a history of paroxysmal AF (PAF). Unipolar SPs were classified according to their differences in relative R- and S-
wave amplitude ratios. A clear predominance of S-waves was observed at BB and the RA in both the no AF and
PAF groups (BB 88.8% vs. 85.9%, RA 92.1% vs. 85.1%, respectively). Potential voltages at the RA, BB, and PVA
were significantly lower in the PAF group (P < 0.001 for each) and were mainly determined by the size of the S-
waves amplitudes. The largest difference in S-wave amplitudes was found at BB; the S-wave amplitude was lower in
the PAF group [4.08 (2.45–6.13) mV vs. 2.94 (1.40–4.75) mV; P < 0.001]. In addition, conduction velocity (CV) at
BB was lower as well [0.97 (0.70–1.21) m/s vs. 0.89 (0.62–1.16) m/s, P < 0.001].
...................................................................................................................................................................................................
Conclusion Though excitation of the atria during SR is heterogeneously disrupted, a history of AF is characterized by de-
creased SP amplitudes at BB due to loss of S-wave amplitudes and decreased CV. This suggests that SP morphology
could provide additional information on wavefront propagation.
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Introduction
Analysis of atrial electrical activity plays an important role in revealing
the underlying electrophysiological mechanisms responsible for the
initiation and perpetuation of atrial fibrillation (AF). In daily clinical
practice, electroanatomical mapping is performed via endovascular
catheters at the endocardial side, presenting a bipolar electrogram
(EGM).1,2 The bipolar EGM is commonly used as it contains local in-
formation from the area of myocardium at the catheter tip between
two electrodes. However, unipolar EGMs have the benefit over bipo-
lar EGMs that their morphology carries additional information about
the progression of the wavefront and remote activations, which are
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independent of the electrode orientation and wavefront direction.2
Cardiac electrophysiologists often rely on low-voltage areas which
are suggestive of the presence of atrial substrate.3 However, low-
voltage potentials are highly determined by their morphology, but
these are currently not fully classified in clinical practice. Therefore,
unipolar EGMs can provide additional helpful information in electro-
physiological studies and ablation procedures, and are therefore in-
creasingly used in newly developed mapping systems.
The morphology of atrial EGMs, represented by the relative posi-
tive (R-wave) and negative (S-wave) components of a unipolar EGM,
contains information on intra-atrial conduction and hence conduc-
tion disorders giving rise to development of AF.2,4,5 Prior studies
have indeed demonstrated that areas of abnormal EGM morpholo-
gies of single potentials (SPs) are indicators of conduction abnormali-
ties underlying AF.6–8 Therefore, creation of an electrical signal
profile obtained from high-resolution mapping data of the entire atria
during AF—a so-called AF Fingerprint—may be used to determine
the severity and extensiveness of local conduction disorders. The first
step towards development of such an ‘AF Fingerprint’, is understand-
ing variation in EGM morphologies of SPs during sinus rhythm (SR).
The goal of this study is therefore to examine the impact of AF epi-
sodes on features of SP morphology at a high-resolution scale during
SR in patients with mitral valve disease (MVD).
Methods
Study population
The study population consisted of 67 adult patients undergoing mitral
valve surgery or a combination of mitral valve and coronary bypass sur-
gery in the Erasmus Medical Centre Rotterdam. This study was approved
by the institutional medical ethical committee (MEC2010-054/MEC2014-
393).9,10 Written informed consent was obtained from all patients.
Patient characteristics (e.g. age, medical history, cardiovascular risk fac-
tors, time in AF) were obtained from the patient’s medical record. The
study population was classified into patients without a history of AF (no
AF group) and with a history of paroxysmal AF (PAF group).
Mapping procedure
Epicardial high-resolution mapping was performed prior to commence-
ment of extra-corporal circulation, as previously described in detail.11–13
A temporal bipolar epicardial pacemaker wire attached to the right atrial
free wall served as a reference electrode. A steel wire fixed to subcutane-
ous tissue of the thoracic cavity was used as an indifferent electrode.
Epicardial mapping was performed with a 128-electrode array or 192-
electrode array (electrode diameter respectively 0.65 mm or 0.45 mm,
interelectrode distances 2.0 mm). Mapping was conducted by shifting the
electrode array along imaginary lines with a fixed anatomic orientation,
following a predefined mapping scheme. The procedure covers the entire
epicardial surface of the right atrium (RA), Bachmann’s bundle (BB), pul-
monary vein area (PVA), and left atrium (LA), as illustrated in the upper
panel of left panel of Figure 1. Omission of areas was avoided at the ex-
pense of possible small overlap between adjacent mapping sites. The RA
was mapped from the cavotricuspid isthmus, shifting perpendicular to the
caval veins towards the right atrial appendage. The PVA was mapped
from the sinus transversus fold along the borders of the right and left pul-
monary veins (PVR and PVL) down towards the atrioventricular groove.
The left atrioventricular groove was mapped from the lower border of
the left inferior pulmonary vein towards the left atrial appendage.
Bachmann’s bundle was mapped from the tip of the left atrial appendage
across the roof of the LA, behind the aorta towards the superior cavo-
atrial junction.
Five seconds of SR were recorded from every mapping site, including a
surface electrocardiogram lead, a calibration signal of 2 mV and 1000 ms,
a bipolar reference EGM and all unipolar epicardial EGMs. In patients
who presented in AF, SR mapping was performed after electrical cardio-
version. Data were stored on a hard disk after amplification (gain 1000),
filtering (bandwidth 0.5–400 Hz), sampling (1 kHz), and analogue to digital
conversion (16 bits).
Data analysis
Unipolar EGM morphology was semiautomatically analysed in custom-
made software using Python 3. EGMs with injury potentials, recording
sites with >_25% excluded or missing EGMs and premature atrial com-
plexes or aberrant beats were excluded from analysis. Atrial deflections
were marked when the negative slope of a deflection was >_10% of the
steepest slope in the EGM and the amplitude of the deflection was at least
two times the signal-to-noise ratio of the EGM. The steepest negative de-
flection of a potential was marked as the local activation time. The mini-
mal time between two successive deflections (‘latency’) was set to 2 ms.
All EGM markings were manually checked and corrected in case of mark-
ings on electrical artefacts evaluated by a consensus of two investigators.
Potentials were classified as SP (one deflection) or fractionated potential
(FP, >_2 deflections). Single potentials are characterized by a rapid nega-
tive deflection preceded by a positive R-wave and returning to the base-
line (S-wave). As demonstrated in the lower panel of Figure 1, SPs were
classified according to their differences in relative R- and S-wave ampli-
tude and scaled from1 (R-wave) to 1 (S-wave).
RS ¼
1 RSðnÞ for RS nð Þ<_1
1





Furthermore, SPs were analysed for peak-to-peak voltage (amplitude),
relative R- and S-wave amplitudes and local wavefront conduction veloc-
ity (CV). Local CV was computed as an average of velocity estimations
between neighbouring electrodes (longitudinal, transversal, and diagonal)
based on a technique derived from a finite differences method developed
and described by Salama et al.14
Statistical analysis
All data were tested for normality. Normally distributed data are
expressed as mean ± standard deviation and analysed with a paired T-test
What’s new?
• This study examined the impact of atrial fibrillation (AF) epi-
sodes on features of unipolar single potential (SP) morphology
at a high-resolution scale during sinus rhythm in 67 patients
with mitral valve disease.
• A clear predominance of S-waves was observed at
Bachmann’s bundle (BB) and the right atrium in patients with
and without history of paroxysmal AF.
• Paroxysmal AF is associated with decreased unipolar SP ampli-
tudes at BB due to loss of S-wave amplitudes.
• Decreased unipolar SP amplitudes due to loss of S-wave
amplitudes, together with a decreased conduction velocity,
suggests that unipolar SP morphology could provide additional
information on wavefront propagation.
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or one-way analysis of variance. Skewed data are expressed as median
(25th–75th percentile) and analysed with a Kruskal–Wallis test or Mann–
Whitney U test. Categorical data are expressed as numbers and percen-
tages and analysed with a v2 or Fisher’s exact test when appropriate.
Distribution data were analysed with a two-sample Kolmogorov–
Smirnov test. A P-value <0.05 was considered statistically significant. A
Bonferroni correction was applied for comparison of the four atrial




Clinical characteristics of the study population, including 44 patients
in the ‘no AF’ group and 23 patients in the ‘PAF’ group are described
in Table 1. These groups differed in age (no AF: 65 ± 13 years,
PAF: 73± 6 years, P = 0.003). Patients had either ischaemic and MVD
[no AF: 20 (45%), PAF: 6 (26%)] or only MVD. Left atrial dilation was
present in 28 patients without AF (64%) and in 16 patients with PAF
(70%). Most patients in both groups had normal left ventricular
function [no AF: 29 (66%), PAF: 17 (74%)]. Thirty percent of the
patients with PAF used class III antiarrhythmic drugs [no AF: 0 vs.
PAF: 7 (30%), P < 0.001].
Mapping data
As demonstrated in Table 2, a total of 523 019 SPs were analysed out
of 852 SR recordings of 5-s duration (no AF: RA: 179 700, BB: 34 069,
PVA: 77 651, LA: 64 254; PAF: RA: 77 060; BB: 16 260; PVA: 38 720;
LA: 35 305). Median unipolar SP amplitude in the PAF group was
lower than in the no AF group [4.78 (2.14–7.21) mV vs. 5.05 (2.48–
7.64) mV, respectively (P < 0.001)].
In both the no AF and PAF group, SP amplitudes differed between
the atrial regions [no AF: RA: 5.21 (3.03–7.67) mV, BB: 5.71 (3.40–
8.87) mV, PVA: 4.48 (2.03–8.19) mV, LA: 4.72 (2.19–8.24) mV
(P < 0.001 for all comparisons); PAF group: RA: 5.10 (2.89–7.55) mV,
BB: 4.09 (2.18–6.70) mV, PVA: 4.36 (1.95–8.38) mV, LA: 4.74 (2.47–
7.63) mV (P < 0.001 for all comparisons)]. Furthermore, SP ampli-
tudes of the RA, BB and PVA were lower in the PAF group compared
to the no AF group [RA: 5.21 (3.03–7.67) mV vs. 5.10 (2.89–7.55) mV
(P < 0.001), BB: 5.71 (3.40–8.87) mV vs. 4.09 (2.18–6.70) mV
Figure 1 (Upper left panel) Projection of the 192-unipolar electrode array on a schematic posterior view of the atria. (Upper right panel) Epicardial,
unipolar potentials recorded during 5 s of SR containing atrial deflections (A) and far-field ventricular signals (V). Typical examples of nine EGMs
obtained from the RA are shown outside the mapping. (Lower panel) EGMs with variable R/S ratios calculated by dividing the R-wave amplitude by
the S-wave amplitude. BB, Bachmann’s bundle; EGM, electrogram; ICV, inferior caval vein; LA, left atrium; LAA, left atrial appendage; PV, pulmonary
veins; RA, right atrium; RAA, right atrial appendage; SCV, superior caval vein; SR, sinus rhythm.
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(P < 0.001), PVA: 4.48 (2.03–8.19) mV vs. 4.36 (1.95–8.38) mV
(P < 0.001)].
Focusing only on the magnitude of the R- and S-wave, the largest
R-wave amplitude was found in the LA in both the no AF group [2.44
(1.13–4.39) mV] and PAF group [2.24 (1.21–3.94) mV], whereas the
largest S-wave amplitude was found in BB in the no AF group [4.08
(2.45–6.13) mV] and in the RA in the PAF group [3.30 (1.86–4.97)
mV]. In general, the amplitude of the atrial potential was mainly deter-
mined by the S-wave amplitude.
The largest difference in S-wave amplitudes between both groups
was found at BB; the S-wave median amplitude was higher in the no
AF group [4.08 (2.45–6.13) mV] than in the PAF group [2.94 (1.40–
4.75) mV; P < 0.001].
The CV differed between atrial regions in both the no AF and PAF
group [no AF: RA: 0.93 (0.71–1.15) m/s, BB: 0.97 (0.70–1.21) m/s,
PVA: 0.98 (0.66–1.25) m/s, LA: 0.91 (0.54–1.23) m/s (P < 0.001 for all
comparisons); PAF group: RA: 0.94 (0.72–1.17) m/s, BB: 0.89 (0.62–
1.16) m/s, PVA: 1.00 (0.70–1.25) m/s, LA: 0.94 (0.60–1.24) m/s
(P < 0.001 for all comparisons)]. In the PAF group, CVs at BB were
lower compared to the no AF group [0.97 (0.70–1.21) m/s vs. 0.89
(0.62–1.16) m/s, P < 0.001].
Regional differences in R/S ratio
Figure 2 shows a typical example of the colour-coded spatial distribu-
tion of the R/S ratios during one SR beat in a patient without AF. This
map shows a wide variation of R/S ratios throughout the atria. The
majority of the SPs recorded in the superior part of RA consisted of
monophasic S-waves, compared to rS-waves and biphasic RS-waves in
the mid and inferior part of the RA. A clear R-wave predominance was
found in between the pulmonary veins, whereas biphasic RS-waves
and rS-waves were recorded from the superior and inferior sites of the
PVA. The LA appendage revealed a R-wave predominance as well,
whereas S-wave predominance was mainly found in the RA and BB.
Figure 3 shows the regional differences in the distribution of the R/
S ratios in the RA, BB, PVA and LA in the no AF group (upper panels)
and PAF group (lower panels). The relative frequency of the R/S ra-
tios are ranked from 1 (R-waves) to 1 (S-waves) and divided into
four equal quartiles. For each quartile, the relative number of poten-
tials is given on top of the plots. The SPs revealed a wide variation of
R- and S-wave amplitude ratios. However, a clear predominance of
S-waves was observed in the BB and RA in both the no AF group
(88.8% and 92.1%, respectively) as PAF group (85.9% and 85.1%, re-
spectively). Differences between the no AF and PAF groups were
found at the RA, BB and LA (P = 0.021, P = 0.003, and P = 0.013). In
the PAF group, there was a larger number of dominant R-waves in
both the RA and BB and a higher number of rS-waves in the LA.
Individual differences in R/S ratios
Figure 4 demonstrates interindividual differences in R/S ratios. In all
patients, there was a clear S-wave predominance in the RA and BB. In
contrast, in the PVA and LA, there was less S-wave predominance
and a wider variation in SP morphology.
....................................................................................................................................................................................................................
Table 1 Patient characteristics (N 5 67)
No AF PAF P-value
Patients 44 (66) 23 (34) –
Male 17 (39) 10 (43) 0.903
Age (years) 65 ± 12 73 ± 6 0.003
Cardiovascular risk factors
BMI (kg/m2) 24.5 (22.1–26.8) 25.3 (22.2–31.9) 0.281
Underweight (<18.5) 2 (5) 0 (0) 0.778
Normal weight (18.5–25) 22 (50) 11 (48) 0.866
Overweight (25–30) 15 (34) 5 (22) 0.443
Obese (>_30) 5 (11) 7 (30) 0.110
Hypertension 15 (34) 12 (52) 0.242
Dyslipidaemia 14 (32) 2 (9) 0.071
Diabetes mellitus 7 (16) 3 (13) 0.755
Left atrial dilatation >45 mm 28 (64) 16 (70) 0.830
Left ventricular dysfunction 15 (34) 6 (26) 0.694
Mitral stenosis 3 (7) 1 (4) 0.685
Severe mitral insufficiency 31 (70) 16 (70) 0.940
Coronary artery disease 20 (45) 6 (26) 0.200
Antiarrhythmic agents
Class I 1 (2) 0 (0) 0.466
Class II 23 (52) 11 (48) 0.930
Class III 0 (0) 7 (30) <0.001
Class IV 1 (2) 2 (9) 0.559
Values are presented as mean ± standard deviation, median (interquartile ranges), or as n (%).
BMI, body mass index; (P)AF, (paroxysmal) atrial fibrillation.
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Figure 5 demonstrates all R/S ratios (subdivided into nine categories)
with their corresponding amplitudes. In both the no AF and PAF group,
the largest SP amplitudes were observed in the range of biphasic RS- to
rS-waves [no AF: RA: 6.39 (4.25–8.89) mV, BB: 7.61 (4.51–12.55) mV,
PVA: 5.96 (3.30–9.86) mV, LA: 6.77 (3.78–10.95) mV; PAF: RA: 5.96
(3.83–8.34) mV, BB: 5.45 (2.78–9.28) mV, PVA: 6.10 (3.21–10.44) mV,
LA: 6.02 (3.53–8.90) mV]. In the PAF group, SP amplitudes of all differ-
ent R/S ratios were smaller in BB compared to the no AF group
(P < 0.001). At the other atrial regions, there were no consistent signifi-
cant differences in amplitudes of the various R/S ratios. The majority of
the monophasic S-wave potentials were found in the RA in both
groups (4.2% and 4.3%, respectively). A high number of S-wave poten-
tials (3.7% for both groups) were found in BB as well, whereas these
potentials were rarely present in the PVA and LA.
R/S ratio in low-voltage areas
The p5 of all measured SPs was 1.0 mV, which was used as a cut-off
value for low voltages. Figure 6 illustrates the regional distribution of
the R/S ratios of low-voltage potentials. Although a wide variation of
R/S ratios was observed, an S-wave predominance was found in the
RA and BB in both groups. Compared to the no AF group, the rela-
tive number of dominant R-waves in low-voltage areas in the PAF
group was larger in the RA and BB, whereas a larger number of domi-
nant S-waves was observed in the PVA.
Discussion
High-resolution mapping of the atria in patients with MVD demon-
strated a wide variation of unipolar SP morphology throughout the
atria, resulting in specific regional differences in SP amplitude and R/S
ratios. Amplitudes were mainly determined by the S-wave amplitude,
which resulted in a high number of predominant S-wave potentials
with large amplitudes in the RA and BB, whereas a larger range of SP
amplitudes was found in the LA and PVA together with a high varia-
tion in R/S ratios. Compared to the no AF group, lower SP ampli-
tudes and S-wave amplitudes were found in patients with PAF, along
with more R-wave predominance in the RA, BB, and PVA.
....................................................................................................................................................................................................................
Table 2 Mapping data characteristics (N 5 523 019)
No AF PAF P-value
Right atrium
Single potentials 179 700 (85) 77 060 (85)
Amplitude (mV) 5.21 (3.03–7.67) 5.10 (2.89–7.55) <0.001
R-wave (mV) 1.65 (0.74–2.79) 1.69 (0.79–2.81) <0.001
S-wave (mV) 3.48 (2.07–5.08) 3.30 (1.86–4.97) <0.001
R/S ratio 0.52 (0.28–0.71) 0.46 (0.22–0.67) <0.001
Conduction velocity (m/s) 0.93 (0.71–1.15) 0.94 (0.72–1.17) <0.001
Bachmann’s bundle
Single potentials 34 069 (76) 16 260 (73)
Amplitude (mV) 5.71 (3.40–8.87) 4.09 (2.18–6.70) <0.001
R-wave (mV) 1.57 (0.74–3.00) 1.11 (0.49–2.21) <0.001
S-wave (mV) 4.08 (2.45–6.13) 2.94 (1.40–4.75) <0.001
R/S ratio 0.57 (0.35–0.76) 0.58 (0.29–0.77) <0.001
Conduction velocity (m/s) 0.97 (0.70–1.21) 0.89 (0.62–1.16) <0.001
Left atrium
Single potentials 64 254 (84) 35 305 (83)
Amplitude (mV) 4.72 (2.19–8.24) 4.74 (2.47–7.63) 0.067
R-wave (mV) 2.44 (1.13–4.39) 2.24 (1.21–3.94) <0.001
S-wave (mV) 1.91 (0.83–3.89) 2.12 (0.93–3.86) <0.001
R/S ratio 0.16 (0.52 to 0.30) 0.03 (0.46 to 0.38) <0.001
Conduction velocity (m/s) 0.91 (0.54–1.23) 0.94 (0.60–1.23) <0.001
Pulmonary vein area
Single potentials 77 651 (87) 38 720 (77)
Amplitude (mV) 4.48 (2.03–8.19) 4.36 (1.95–8.38) <0.001
R-wave (mV) 1.94 (0.94–3.72) 1.98 (0.84–4.10) 0.177
S-wave (mV) 2.28 (0.92–4.12) 2.13 (0.94–4.22) <0.001
R/S ratio 0.14 (0.33–0.45) 0.12 (0.29–0.44) 0.156
Conduction velocity (m/s) 0.98 (0.66–1.25) 1.00 (0.70–1.25) <0.001
Values are presented as median (interquartile range) or as n (%).
(P)AF, (paroxysmal) atrial fibrillation.






/europace/article/22/10/1509/5880818 by guest on 03 M
arch 2021
Figure 2 Typical example of the colour-coded spatial distribution of the R/S ratios during one sinus beat in a patient without AF. The colour scale
of the R/S ratios ranges from S-waves (blue), via biphasic RS-waves (green) to R-waves (yellow). AF, atrial fibrillation; LAA, left atrial appendage; ICV,
inferior caval vein; RAA, right atrial appendage; SCV, superior caval vein.
Figure 3 Relative frequency histograms of the R/S ratios of unipolar SPs during SR in patients without AF (turquoise) and patients with PAF (red),
recorded from BB (n = 34,069 vs. n = 16 260), LA (n = 64 254 vs. n = 35 305), PVA (n = 77 651 vs. n = 38 720), and RA (n = 179 700 vs. n = 77 060).
The histograms are divided into four equal quartiles; for each quartile, the relative number of potentials is given on top of the plots. BB, Bachmann’s
bundle; LA, left atrium; (P)AF, (paroxysmal) atrial fibrillation; PVA, pulmonary vein area; RA, right atrium; SP, single potential; SR, sinus rhythm.
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Genesis of unipolar potential
morphologies
Electrogram morphology is often used for the identification of struc-
tural or electrical remodelled areas with arrhythmogenic properties.
In most settings, electro-anatomical mapping is performed via endo-
vascular catheters at the endocardial side, recording EGMs which are
the product of a voltage difference between recording electrodes (bi-
polar recordings).1,15 In case of unipolar EGMs, the signal reflects the
cardiac electrical activity of the tissue surrounding the recording elec-
trode which decreases with distance. It is obtained by an exploring
electrode positioned in the heart and an indifferent electrode located
at an infinite distance.2,16 It is for these reasons that there is an in-
crease in mapping systems using unipolar EGMs.
The morphology of unipolar potentials can be regarded as the sum
of instantaneous current dipoles of a wavefront, generating a positive
deflection when the activation wavefront propagates towards the
electrode and a steeply negative deflection as the wavefront reaches
the electrode and propagates away, thereby generating a biphasic RS-
wave.2,5,17 When the electrode is located at a site of initial activation,
depolarization produces a wavefront that propagates radially away
from the electrode, thus generating a monophasic S-wave. In con-
trast, positive R-waves are characteristic of termination of the activa-
tion wavefront. Areas of fast conduction with conduction along the
longitudinal axis of the fibres are characterized by large amplitude RS-
waves, whereas in slow areas the potentials are of lower amplitude.5
Abnormal myocardial substrate can be defined by substrate mapping
by identifying areas of low voltage, as amplitude also depends on the
volume of simultaneously activated cardiac tissue.5,6 In addition,
asymmetry of unipolar potentials has been proposed as a morphol-
ogy parameter, determined by wavefront curvature, wavefront colli-
sions, anisotropy, and conduction heterogeneity.18,19
Regional differences in single potential
morphology
In our study population, there were clear regional differences in po-
tential morphology. During SR, the initial excitation site is located in
Figure 4 Stacked bar plots of the R/S distributions depicted for each patient separately in the RA, BB, PVA, and LA. BB, Bachmann’s bundle; LA,
left atrium; (P)AF, (paroxysmal) atrial fibrillation; PVA, pulmonary vein area.
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the RA in which wavefronts are generated by cells in the sinoatrial
(SA) node area. From there, a wavefront is propagated by the promi-
nent muscle bundles contiguous with the SA node; i.e. the crista ter-
minalis, BB and the septo-pulmonary bundle, which contributes to
fast electrical propagation and enables efficient electromechanical
coupling of both atria during each normal sinus beat.4,20 At sites of
wavefront activation, monophasic S-waves were expected and
were—indeed—mainly recorded in the RA in our study population.
In addition, fast propagating wavefronts are characterized by EGMs
with large amplitude, predominant S-waves, which evolve towards bi-
phasic RS-waves when the wavefront propagates away from the exci-
tation site. These types of potentials were indeed mainly found in the
RA and BB.
Using diffusion tensor imaging of human hearts, Pashakhanloo et al.21
have demonstrated that in some areas of the atrial wall, e.g. the crista
terminalis and the antrum of the PVs, the uniform distribution of myo-
cardial fibres is disrupted by multiple complex crossings of multiple
fibres, which underlies non-uniform anisotropic propagation. Previous
studies have demonstrated that there are changes in patients with
MVD in the myocardial structure of the atria due to altered hemody-
namic effects.22–24 Structural remodelling affects intra-atrial conduction
and thereby predisposes to development of atrial tachyarrhythmias.
The higher incidence of AF in patients with MVD suggests the presence
of a higher degree of atrial remodelling in these patients, characterized
by LA enlargement, loss of myocardium and scarring.25–27 The resulting
anisotropic propagation causes local wavefront termination or collision,
resulting in more R-wave predominance and monophasic R-waves,
which were—indeed—mainly found in the LA and PVA.
In our study, we demonstrated inter-individual differences in R/
S ratios in—especially—the LA and PVA areas. Anatomic studies
of the fibre orientation using dissection, visual tracing or MR tech-
niques demonstrated variations in the location and orientation of
bundles between human hearts, in which mixed and oblique pat-
terns of fibres were present in the roof of the atria encircling the
pulmonary veins.21,28 In addition, intraoperative epicardial mapping
also demonstrated that atrial excitation during SR is affected by
the underlying heart disease and AF, resulting in alternative routes
for BB and PVA with high inter-individual variability.29,30 Together
Figure 5 Relative frequency histograms of the R/S ratios and amplitudes of unipolar SPs during SR in patients without AF (turquoise) and with PAF
(red). The bars represent the relative frequency of the R/S ratios and the dotted line the median amplitudes with interquartile ranges. The asterisk
indicates a significant difference in median amplitudes between the patients without AF and patients with PAF (P < 0.001). (P)AF, (paroxysmal) atrial
fibrillation.
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with the patient-specific impact of the presence of MVD, these
differences might have resulted in the more prominent inter-
individual R/S differences in these areas.
Several computer models of electrical propagation in the atria
have been developed and showed mostly single biphasic potentials
in the uniform atria, whereas dominant S-waves were more com-
mon in anisotropic tissue and dominant R-waves were found due
to the multiple collisions.19 Using such computer models it has
been demonstrated that anisotropy has a greater impact on ampli-
tude variation and asymmetry than the shape and curvature of the
conducting wavefront. However, the models differ in the level of
electrophysiological and anatomical details, such as fibre orienta-
tion, presence of the main muscle bundles, structural modifications
and anisotropy, and mainly focus on arrhythmia simulations.19,31–34
S-wave predominance has also been reported in the RA in
patients during AF but could not be strongly correlated to wave-
front curvature or anisotropy.35 A tilted transmural stance of the
wavefront resulting in an epicardial lead with constant epicardial
to endocardial activation was proposed as a theoretical
explanation for S-wave predominance during AF, which would
present with more R-wave predominance at the endocardium.35
However, Van der Does et al.36 reported that both epicardial and
endocardial EGMs showed an S-wave predominance, and endocar-
dial EGMs did not have higher R/S ratios than epicardial EGMs
Though these mapping studies were performed during SR, data
clearly showed absence of an oblique transmurally propagating
wave. In our study, we indeed demonstrated an S-wave predomi-
nance in the RA but not in the LA and PVA.
Influence of paroxysmal atrial fibrillation
In our study, SP morphology differences between patients without
AF and with PAF were most prominent in the BB. Patients with PAF
had lower amplitudes, more R-wave predominance, and slower
wavefront propagation. The lower amplitude was mainly determined
by a decrease in S-wave amplitude, which is observed with reversible
tissue injury and is associated with conduction block during ablative
therapy.18,37 Recent studies indeed found more conduction abnor-
malities at BB during SR in patients with AF or patients who
Figure 6 Relative frequency histograms of the RS ratios and amplitudes of unipolar SPs in low-voltage areas during SR in patients without AF (tur-
quoise) and with PAF (red). The bars represent the relative frequency of the R/S ratios and the dotted line the median amplitudes with interquartile
ranges. (P)AF, (paroxysmal) atrial fibrillation; SP, single potential; SR, sinus rhythm.
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developed post-operative AF.11,38 BB is by far the largest of the ana-
tomic interatrial connections and probably accounts for the largest
part of interatrial conduction. It is a highly organized bundle of muscu-
lar fibres arranged in parallel fashion, but due to its anisotropic fea-
tures BB is more vulnerable to structural remodelling that can even
be identified during SR. In addition, the muscular fibres of BB are not
enclosed by fibrous tissue and may therefore also be vulnerable to
disruption by stretch due to the hemodynamic changes in the atria
caused by MVD.20,22,39 This could lead to slower wavefront propaga-
tion and slower CVs which were—indeed—found in patients with
PAF. Structural changes of the atrial myocardium are more extensive
in patients with PAF than in patients without AF, especially involving
the BB.40
Clinical implications
Despite most of atrial mapping procedures are performed endocar-
dially using bipolar EGMs, there is an increase in mapping systems us-
ing unipolar EGMs. Therefore, detailed knowledge of unipolar EGM
morphology becomes more important. In a prior study of Van der
Does et al.,36 no differences were found between unipolar endo- and
epicardial EGMs This indicates that the observed change in R/S ratios
and decrease of S-wave amplitudes will also be found at the
endocardium.
In clinical practice, low-voltage areas are regarded as part of the
arrhythmogenic substrate underlying AF. However, our data shows
that the EGM voltage is mainly determined by the R/S ratio which dif-
fers per region. In addition, low peak-to-peak voltages do not auto-
matically indicate ‘diseased’ tissue, but can also be explained by the
potential morphology as R- and S-waves have a smaller amplitude
compared to RS-waves. Therefore, using voltage mapping alone to
guide ablative therapy might be misleading.
Limitations
Whether general anaesthesia and intraoperative drugs influence con-
duction is unknown; however, a standard anaesthetic protocol was
used for all patients and SR was confirmed during all mapping proce-
dures. Therefore, possible effects of anaesthesia would be equally dis-
persed among the patient population. High-resolution mapping of
the interatrial septum could not be performed with our closed beat-
ing heart approach.
Several patients with history of AF used antiarrhythmic drugs class
III. Amiodarone has Class I antiarrhythmic properties via inhibition of
sodium channels during phase 0 of the cardiac action potential which
can slow intra-atrial conduction. Therefore, the use of amiodarone
could have affected our results.
There was a difference in age between the no AF and PAF group.
Therefore, the differences between both groups could be related to
the impact of age. However, no correlation was found between any
of signal profiles and age. Still, the possible effect could not be
completely excluded, just as the effects of hypertension or obesity, al-
though not significantly different between the groups.
Conclusion
A specific regional distribution of EGM morphology, involving R/S
ratios, EGM voltage, and R- and S-wave amplitudes exist during SR
in patients with MVD. Though excitation of the atria during SR is
heterogeneously disrupted in patients with MVD, the occurrence
of AF in this patient group is characterized by decreased SP ampli-
tudes at BB due to loss of S-wave amplitudes together with a de-
creased CV. Therefore, BB is an area that could especially be
interesting for AF Fingerprinting. Our findings that variation in
EGM morphologies in our population is considerable—particu-
larly at the LA and PVA—and specific EGM morphologies at
regions such as BB are related to AF suggests that the potential
morphology could provide additional information on CV and
wavefront propagation, and emphasizes the need for a diagnostic
tool enabling identification of arrythmogenic substrate in the indi-
vidual patient.
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